The aim of diabetes treatment is to prevent diabetic complications. However, many patients still suffer from diabetic complications. Therefore, it is important to elucidate the mechanism that connects hyperglycemia to the development of diabetic complications. Several hyperglycemia‐induced metabolic abnormalities, such as activation of the polyol pathway, formation of advanced glycation end‐products (AGEs), activation of protein kinase C isoforms and oxidative stress, have been reported to involve in the development of diabetic complications[1](#jdi12405-bib-0001){ref-type="ref"}. In addition, we previously showed that reactive oxygen species (ROS) from mitochondria was the major cause of diabetes‐induced oxidative stress, and this mitochondrial ROS could cause the activation of three other metabolic abnormalities[2](#jdi12405-bib-0002){ref-type="ref"}. However, there remain many unanswered questions in the mechanism of diabetic complications.

The 'hyperglycemic memory' reported by Engerman and Kern[3](#jdi12405-bib-0003){ref-type="ref"} in 1987 is one of such questions. In their study, 35 normal dogs were divided into one non‐diabetic group and three alloxan‐induced diabetic groups, which were prospectively identified according to glycemic control: poor control for 5 years, good control for 5 years and poor control for 2.5 years followed by good control for 2.5 years. To achieve good control, insulin was injected to maintain glycemic control comparable with that of the normal dogs. Diabetic retinopathy developed in the poor control for 5 years group, but not in the good control for 5 years group. In the poor control for 2.5 years followed by good control for 2.5 years group, retinopathy was absent or indeterminate at 2.5 years of poor control, whereas, surprisingly, it was found to have subsequently developed despite good glycemic control after a further 2.5 years. Thus, episodes of poor glycemic control during the earlier stages of diabetes could promote diabetic complications later in the course of the disease, even after good blood glucose control is therapeutically achieved.

In the Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC)[4](#jdi12405-bib-0004){ref-type="ref"}, the 'hyperglycemic memory' was referred to again. In 1993, the DCCT reported that in type 1 diabetes, intensive insulin therapy dramatically reduced the occurrence and severity of diabetic microvascular complications compared with conventional insulin therapy. After the publication of the DCCT results, most of the participants in the conventional therapy group adopted intensive therapy. Therefore, glycated hemoglobin (HbA1c) values for the intensive and conventional therapy groups were reported to be comparable after the approximately 14‐year EDIC follow‐up study with more than 90% of the DCCT participants. Henceforth, the participants in the conventional therapy group continued to have a higher incidence of complications, whereas the intensive therapy group continued to have a lower incidence of complications. The DCCT/EDIC group called this phenomenon 'metabolic memory.' A similar phenomenon was also reported in type 2 diabetes in the United Kingdom Prospective Diabetes Study 80, which was given the name 'legacy effect.' These large trials clinically proved that the phenomenon of 'hyperglycemic memory' existed both in type 1 and type 2 diabetes.

The DCCT group also investigated cross‐sectional associations between skin collagen AGEs and the presence of diabetic microvascular complications in DCCT subjects (the DCCT Skin Collagen Ancillary Study). They obtained a skin biopsy sample from the subjects before the DCCT closeout and have since published a series of articles. In 2015, new interesting clinical data about AGEs and metabolic memory was published in the *Journal of Diabetes* [5](#jdi12405-bib-0005){ref-type="ref"}.

In 1999, three AGEs (furosine, pentosidine and carboxymethyl‐lysine \[CML\]), two solubility abnormalities in collagen (acid and pepsin soluble collagen) and protein‐bound relative fluorescence from a skin biopsy sample were measured, and the relationships between 5 years of intensive control of glycemia and indicators of skin collagen AGEs were examined[6](#jdi12405-bib-0006){ref-type="ref"}. Furosine is glycated collagen, an early Amadori product, and pentosidine and CML are products of glycoxidation and AGE formation. The biopsy results showed that long‐term intensive treatment caused lower levels of these AGEs parameters in parallel with a reduction in HbA1c. In addition, the severity of microvascular complications was significantly associated with these AGEs parameters, and interestingly, the associations generally remained significant even after adjustment for HbA1c. In particular, furosine was the parameter most consistently associated with diabetic complications. These results suggested that accumulation of AGEs was associated with the progression of diabetic complications, and skin collagen AGEs might be a marker for diabetic complications independent of HbA1c. In 2005, Genuth *et al*.[7](#jdi12405-bib-0007){ref-type="ref"} investigated whether AGEs in skin collagen, which were obtained from the subjects of DCCT before DCCT closeout, could predict the risk of progression of microvascular disease. Their results showed that these skin collagen AGEs, especially furosine and CML, were highly correlated with the progression of retinopathy and nephropathy over 10 years in the EDIC study. Interestingly, the combination of furosine and CML also predicted the progression of retinopathy and nephropathy even after adjustment for the mean DCCT HbA1c. However, the predictive effect of mean DCCT HbA1c vanished after adjustment for furosine and CML. Therefore, the authors claimed that AGEs formation associated with prior HbA1c could explain the future risk of diabetic microvascular complications, and might contribute to the 'metabolic memory.'

In the present article, the DCCT Skin Collagen Ancillary Study investigated whether the addition of four AGEs (glucosepane, hydroimidazolones of methylglyoxal and glyoxal, and carboxyethyl‐lysine) could improve the associations with the incident of diabetic microvascular events 13--17 years after DCCT[5](#jdi12405-bib-0005){ref-type="ref"}. Though the four AGEs, glucosepane, hydroimidazolones of methylglyoxal, glyoxal and carboxyethyl‐lysine, were not available in 1999, it was reported that glucosepane was the most abundant in skin. As a result, the 10‐AGEs panel was associated with future progression of diabetic microvascular complications independent of either mean DCCT or EDIC HbA1c levels. In addition, the four added AGEs enhanced the association of the original six AGEs with the risk of retinopathy and neuropathy development. Furthermore, the effect of mean DCCT HbA1c on the progression of diabetic microvascular complications during the EDIC study vanished after adjustment using the whole panel of AGEs similar to their reports of 2005. Therefore, the present study reconfirmed that AGEs formation was involved in 'metabolic memory.'

To show that some sort of metabolic abnormality, such as AGEs accumulation, contributes to the 'hyperglycemic memory,' it will probably be necessary to clarify that this metabolic abnormality is involved in three processes: (i) the metabolic abnormality is induced by hyperglycemia; (ii) the metabolic abnormality continues for a while or remains after hyperglycemia is improved; and (iii) cellular damage progresses without hyperglycemia because of the metabolic abnormality. Therefore, hyperglycemic memory‐related metabolic abnormality might exist as a branch of the path from hyperglycemia to diabetic complications (Figure [1](#jdi12405-fig-0001){ref-type="fig"}).

![Model of the pathogenesis of diabetic complications in regard to 'hyperglycemic memory.' Oxidative stress, activation of the polyol pathway, formation of advanced glycation end‐products (AGEs) and activation of protein kinase C (PKC) isoforms have been reported as hyperglycemic pathways to developing diabetic complications. In addition, we previously showed that mitochondrial reactive oxygen species (ROS) was the major cause of diabetes‐induced oxidative stress. Hyperglycemic memory‐related abnormality is involved in three processes: (i) the metabolic abnormality is induced by hyperglycemia; (ii) the metabolic abnormality continues for a while or remains after hyperglycemia is improved; and (iii) the cellular damage progresses without hyperglycemia because of the metabolic abnormality. AGEs formation might be one of candidates for the mechanism of the 'hyperglycemic memory.'](JDI-7-297-g001){#jdi12405-fig-0001}

In consideration of the series of reports from the DCCT Skin Collagen Ancillary Study Group, the AGEs hypothesis might satisfy the three processes. It suggests that the accumulation of AGEs is a key factor in the pathogenesis of diabetic complications, which can explain the mechanism of 'hyperglycemic memory.' However, it is important to note that in these reports, AGEs were measured in skin collagen and not in tissues related to diabetic complications. As it is inconceivable that skin collagen AGEs affect the pathogenesis of diabetic retinopathy, nephropathy and neuropathy, skin collagen AGEs are likely markers of diabetic vascular complications.

It has been reported that AGEs elicit oxidative stress through their binding to the receptor of AGEs (RAGE)[8](#jdi12405-bib-0008){ref-type="ref"}. Also, hyperglycemia has been reported to increase mitochondrial ROS, and this increased mitochondrial ROS increases intracellular formation of AGEs[2](#jdi12405-bib-0002){ref-type="ref"}, and the expression of the RAGE and its activating ligands[1](#jdi12405-bib-0001){ref-type="ref"}. Taken together, a close association is known to exist between AGEs and oxidative stress. Therefore, accumulation of AGEs in the skin collagen of subjects from the DCCT before DCCT closeout might also suggest increased oxidative stress at that time, and oxidative stress can predict future risk of developing diabetic complications. Indeed, Paneni *et al*.[9](#jdi12405-bib-0009){ref-type="ref"} reported that ROS generation was elevated when endothelial cells were cultured in high glucose for 3 days followed by normal glucose for 3 days, and ROS generation was not inhibited by 3 weeks of insulin treatment in streptozotocin‐induced diabetic mice. In addition, they claim that persistent mitochondrial adaptor p66^Shc^ upregulation and mitochondrial translocation were associated with continued ROS generation, and this finding could explain a part of the mechanisms of 'hyperglycemic memory.'

The series of reports by the DCCT Skin Collagen Ancillary Study Group are very interesting and informative. The hypothesis from these reports clearly indicates that AGEs are a strong candidate for the mechanism of the 'hyperglycemic memory.' However, the exact mechanism of the phenomenon remains uncertain. It has been reported that treatment with pyridoxamine dihydrochloride, which inhibits formation of AGEs, is associated with a lower average change in serum creatinine concentration at 52 weeks among patients with lower creatinine ranges (serum creatinine \<1.85 mg/dL)[10](#jdi12405-bib-0010){ref-type="ref"}. Therefore, it could be interesting to investigate the effect of pyridoxamine dihydrochloride on 'hyperglycemic memory.'
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